Purpose of Review The concussion public health burden has increased alongside our knowledge of the pathophysiology of mild traumatic brain injury (mTBI). The purpose of this review is to summarize our current understanding of mTBI pathophysiology and biomechanics and how these underlying principles correlate with clinical manifestations of mTBI. Recent Findings Changes in post-mTBI glutamate and GABA concentrations seem to be region-specific and timedependent. Genetic variability may predict recovery and symptom severity while gender differences appear to be associated with the neuroinflammatory response and neuroplasticity. Ongoing biomechanical research has shown a growing body of evidence in support of an "individual-specific threshold" for mTBI that varies based on individual intrinsic factors. Summary The literature demonstrates a well-characterized timeframe for mTBI pathophysiologic changes in animal models while work in this area continues to grow in humans. Current human research shows that these underlying post-mTBI effects are multifactorial and may correlate with symptomatology and recovery. While wearable sensor technology has advanced biomechanical impact research, a definitive concussion threshold remains elusive.
Introduction

Definitions
Despite the significant public health burden caused by mild traumatic brain injury (mTBI) in the United States (U.S.), we still have much to learn about the subject. The term "concussion" comes from the Latin concussio-meaning "to strike together." A clear consensus regarding its clinical definition and pathophysiology remains a challenge, with some using the terms concussion and mTBI interchangeably, some using them distinctly and, more recently, even a call to eliminate the term completely [1, 2] . The most commonly referenced definition describes concussion as a brain injury induced by direct or indirect biomechanical force transmitted to the head, resulting in a reversible clinical syndrome manifested as signs and symptoms affecting the physical, cognitive, emotional, and sleep domains reflecting a predominantly functional, rather than structural injury [3, 4] . The most recent guidelines from the Centers for Disease Control (CDC), however, recommend clinical use of the single term, "mild traumatic brain This article is part of the Topical Collection on Concussion injury" when referring to concussion [5] . Concurrently, a subconcussive impact is hypothesized to generate similar neuronal injury, without reaching an undefined "concussion threshold" resulting in an absence of acute symptoms following these head impacts.
Epidemiology
Incidence and prevalence data for mTBI in the U.S. are likely underrepresented, as most data comes from emergency department (ED) databases. A state-based report from 2013 showed approximately 640,000 TBI-related ED visits in the U.S., of which, approximately 70-90% were attributed to mTBI [6, 7] . A study using National Electronic Injury Surveillance System-All Injury Program (NEISS-AIP) estimated 430,000 sports and recreation-related mTBI visits to the ED-70% of which occurred in subjects between 0 and 19 years old [8] .
The same dataset showed an increase in sports and recreationrelated ED visits in both males and females from 2001 to 2012, with females from 15 to 19 years old experiencing the greatest increase (211.5%). When comparing mTBI rates by gender within the same sport (soccer, basketball, softball/baseball), females experience a higher rate of mTBI than their male counterparts at both high school and collegiate levels [9] .
Increasingly recognized by the media and public, mTBI research has led to an enhanced understanding of its pathophysiology and the development of evidence-based approaches to diagnosis and management. Numerous guidelines and position statements for the prevention, diagnosis, and treatment of mTBI have been proposed [3, [10] [11] [12] . Extensive research using animal mTBI models and increasing corroboration with human studies have created the foundation for these evolving clinical recommendations. The intricacies of mTBI pathophysiology and the translation to clinical symptomatology and long-term sequelae remain under rigorous investigation. This review aims to summarize our current understanding of the complex pathophysiology and biomechanics of mTBI and how these underlying principles correlate with clinical manifestations of mTBI.
The Biology of Concussion
Acute Neurometabolic Cascade
Ionic Flux and Neurotransmitter Release
Mechanical force transmitted to the brain causes a disturbance in cellular homeostasis, initiating complex biochemical alterations and neurometabolic changes [13] (Table 1) . Shearing and stretching forces cause a temporary perturbation in the plasmalemmal membrane, termed "mechanoporation," causing an outflow of intracellular potassium and subsequent diffuse neuronal depolarization [15, 16] . Immediate post-injury clinical symptoms are attributed to a diffuse neuronal depression (similar to the hypothesized migraine theory) following sudden depolarization [4] .
Depolarization promotes the release of excitatory neurotransmitters involved in cortical activation and hyperexcitability resulting in cell damage and death [17, 18] . Glutamate stimulates potassium efflux via ligand-gated potassium channel and binds to N-methyl-D-aspartate (NMDA) receptors resulting in a feedback loop of depolarization and hyperexcitability [17, 19] . Animal mTBI models have shown a transient increase in glutamate concentration in the brain immediately post-mTBI that typically normalizes within hours [18] . A study using proton magnetic resonance spectroscopy found no difference in glutamate concentrations between mTBI athletes and controls in the premotor cortex (M1) post-injury. However, the authors found lower glutamate and gammaamino-butyric-acid (GABA) concentrations at 72 h and 2 weeks in the dorso-lateral pre-frontal cortex (DLPFC) in the mTBI group. They also found a higher glutamate-to-GABA ratio 2 weeks post-injury [20••] . These findings suggest that post-mTBI changes in glutamate and GABA concentrations are likely region-specific and time-dependent. Excitatory neurotransmitter release promotes an influx and accumulation of intracellular sodium and calcium, precipitating cell damage, and mitochondrial impairment rather than the cell death seen in severe TBI [21, 22] . Mutations in the CACNA1A gene, which are associated with different clinical migraine phenotypes, also correlate with increased symptomatology following mild TBI [23] . Concussed athletes carrying the CACNA1E gene polymorphism rs704326 (encoding for voltage-dependent calcium channels) experienced a prolonged recovery [24•] . Calcium channel blockers used in mTBI rat models have shown potential for limiting posttraumatic calcium accumulation and improving mTBI outcomes [25] . Given the overlap of typical post-concussive and migraine symptoms and the association of prior migraine history with prolonged recovery [26] , genetics likely play a role in post-mTBI biometabolic recovery and symptom severity/duration.
Energy Crisis
In order to rapidly restore ionic homeostasis following mTBI, mitochondria must meet the increased cellular metabolic demand. Animal models show that the neuronal glycolytic rate increases 30-46% in the 30 min following fluid percussion injury and may persist for 6 h. This hypermetabolic period is followed by relative glucose hypometabolism lasting 5 to 10 days post-injury [27] . Simultaneously, there is ineffective oxidative metabolism and decreased cerebral blood flow. These two co-factors promote anaerobic metabolism with decreased ATP production and excessive lactate accumulation resulting in an acidic microenvironment [28, 29] .
Similarly in humans, using fluorodeoxyglucose (FDG)-PET imaging, we see a pattern of post-mTBI hyperglycolysis followed by glucose hypometabolism. Peskind et al. showed prolonged post-mTBI regional hypometabolism in veterans exposed to repetitive blast injuries compared with agematched controls [30] ; however, longitudinal within-subject assessments are lacking [31] . Animal and human studies have shown a decrease in post-injury metabolic biomarkers including N-acetyl-aspartate (NAA); however, a definitive clinical correlate with NAA levels has not been found [32] .
Animal studies have shown poorer cognitive outcomes in the setting of repeated head injury during the vulnerable window of glucose hypometabolism [33, 34] . This is the foundation for the "second impact syndrome" theory, one that remains controversial. While there is clear biological vulnerability when repeated mTBI occurs in close succession, this is distinct from the clinically rare but catastrophic "second impact syndrome" described with malignant cerebral edema and high mortality. The duration of the post-injury window of metabolic vulnerability is variable and requires additional research to better quantify its length and co-factors [4] . Current evidence supports the clinical practice of prophylactic activity modification to reduce the likelihood of a second injury within this vulnerable window.
Lactate serves as an alternative fuel source for the brain and is presumably utilized during the post-mTBI energy crisis, showing neuroprotective effects in mild to severe TBI rat models [35, 36] , as well as beneficial cerebral metabolic effects in severe TBI in humans [37] . While research has elucidated a number of aspects of post-mTBI brain metabolism, the metabolic derangements are likely more complex and multifactorial than currently understood.
Blood Flow and Neurovascular Changes
The triphasic (hypo-hyper-hypo) response in cerebral blood flow (CBF) seen in severe TBI [38] has been postulated to occur in mTBI. Data is limited however, given the challenges in evaluating CBF immediately post-injury [39] . Researchers hypothesize that this triphasic response is stimulated by autoregulatory compromise, vasoreactive disturbances, and regional perfusion variability [39] partly due to carbon dioxide production from cerebral metabolic derangements [40] . Recent studies in a moderate TBI rat model using a novel vessel-painting technique provide structural evidence for these hemodynamic alterations; researchers found decrements in vessel junctions and vessel length [41•] . Rat models show a decrease in global and regional CBF [4, 41•, 42] paralleling the period of vulnerability following mTBI [39] .
Churchill and colleagues recently showed MRI-based measures of CBF and function in adult athletes with mTBI during the first-week post-injury. Regional blood flow was decreased in the frontal and temporal lobes with functional blood flow effects seen in regions involved in autonomic regulation and emotion processing (cingulum, insula, and hippocampal gyri) [43•] . Thiebault et al. studied dynamic and pathophysiologic timeframe differences in CBF using transcranial doppler (TCD) in concussed athletes. While no significant decrease in CBF volume was found versus controls, they saw a trend towards reduced CBF velocity in immediate post-injury measurements warranting further investigation [44] . Functional MRI studies have shown that CBF changes correlate with initial symptom severity, returning to baseline slower than symptom reporting and neurocognitive testing [45, 46] . The present research suggests variability in CBF alterations postmTBI that are region and time-dependent, affected by structural vessel changes, and may persist after clinical symptoms have resolved.
Axonal and Cytoskeletal injury
Rapid head deceleration induces neuronal shearing injury due to linear and rotational forces transferred to the neuron. The subsequent microstructural axonal damage is well described in the current literature [47] . Although diffuse axonal injury is more pronounced in severe TBI, it is seen in the full spectrum of TBI [48] . Research has shown that impact velocity rather than impact force better predicts axonal injury, stemming from the viscoelastic properties of tau protein [49, 50] . Mechanical deformation of neurofilaments and microtubules results in disruption of axonal transport and accumulation of betaamyloid precursor protein (b-APP) [12, 51] . This occurs in the 6 h post-injury via phosphorylation or calpain-mediated protein breakdown [52] . High calcium levels can further destabilize microtubules 6-24 h post-injury [53, 54] . In vitro stretch injury models demonstrate post-stretch axonal undulations, beading, and axolemmal permeability-only some of which are reversible [55] .
Subacute Pathophysiology
Ongoing Axonal and Cytoskeletal Problems
Using APP as an index for axonal pathology, peak damage occurs in the initial 24 h following injury with a subsequent graded return to baseline [56, 57] . With the advancement of neuroradiology, the quantification of selective white matter loss sits at the forefront of mTBI research. Animal research has shown that unmyelinated axons from an immature brain are more vulnerable to injury than myelinated fibers subjected to repeated mTBI [58, 59] . Recent work evaluated immature rats 7 days post-single mTBI vs. repeated mTBI. Neuroimaging (DTI and MR spectroscopy) and immunohistochemistry showed significant neurochemical and white matter changes between groups [60•]. Utilizing fractional anisotropy (FA), a measure of linear water diffusion related to white matter tract disturbance, investigators reported a decrease in FA in the ipsilateral corpus callosum, hippocampus, and external capsule in mTBI versus sham injury, with accumulation of b-APP only seen with mTBI [60•] .
A pediatric population with mild and moderate TBI showed subacute decreases in FA in white matter subcortical regions but no changes in the corpus callosum [61] . Acutely, pediatric patients with mTBI show increased FA in the corpus callosum with a strong correlation between FA and postconcussive symptoms [62, 63] . These transient FA increases are hypothesized to arise from acute axonal swelling. Corpus callosum function following moderate to severe TBI has been studied using event-related potentials to calculate interhemispheric transfer time (IHTT). A slower IHTT was associated with decreased performance scores in a pediatric population [64] . More recently, multicomponent driven equilibrium single-pulse observation of T1 and T2 (mcDESPOT) was used to evaluate myelin water fraction (MWF), the ratio of myelin-associated water to total water after mTBI [65••] . Increased MWF was found in contact sports players compared with non-contact sports players in season and 3 months postseason, which was interpreted as an ongoing re-myelination process after cessation of contact sports. Current evidence provides a foundation for research investigating the underlying neuropathophysiology of post-mTBI white matter changes and the neuronal recovery process.
Impaired Synaptic Plasticity
Synaptic remodeling occurs predominantly during development through the rearrangement of dendritic spines [66, 67] . Animal studies suggest that those raised in enriched environments show increased cognition, cortical density, and complexity of dendritic arbors [68] . An in vivo rat model showed that mTBI causes changes in ligand-gated NMDA excitatory receptors and inhibitory GABA-ergic interneurons, subsequently affecting normal developmental plasticity, electrophysiology, and memory in a young rat model [69] .
Research with immature rodent models compared development after rearing in an enriched environment between mTBI versus uninjured animals. Animals in the mTBI group did not show the anatomic or cognitive enhancement in adulthood seen with uninjured animals [70] . Impaired long-term potentiation (LTP) is seen 2 days post-injury and partially recovers by day seven [71] . However, LTP may be affected up to 28 days after injury in the juvenile female hippocampus compared to male counterparts [72•] . Furthermore, repeat mTBI rat models showed an increased neuronal loss in the hippocampus 28 days post-injury with attenuated NMDA receptormediated responses and impaired LTP [73] . More recent studies suggest that environmental enrichment strategies improved memory, decreased anxiety, and promoted exploratory behavior after repeated mTBI, possibly by mitigating post-injury NMDA subunit synaptic changes [74] .
While human research is more limited, we see similar findings in LTP in college football players with a history of two or more concussions. DeBeaumont et al. concluded that GABAmediated intracortical inhibition suppressed LTP and longterm depression-like plasticity and decreased implicit motor learning [75] . A study of high school athletes with mTBI who self-rated their activity showed that those with highest or lowest levels of post-injury activity reported more symptoms and showed worse cognitive performance than those with moderate levels of activity [76] . Limited human research suggests that there is a variable period of impaired neural activation and neuroplasticity following mTBI that may be mitigated with environmental interventions including exercise.
Neuroinflammation
Neuroinflammation involves the activation and upregulation of microglia and inflammatory cytokines [77•] and may contribute to ongoing cellular damage [78] . Microglia and macrophages (MG/M) are likely the main propagators of tissue inflammation beyond the core injury site in preclinical studies of more severe TBI [79•] . Recent studies show subacute gender differences in the MG/M response; male mice exhibit more rapid and pronounced microglial activation and astrogliosis compared to their female counterparts [79•] . Interleukin 1β (IL-1B) and interleukin 6 (IL-6) are primarily expressed following TBI, mediating the neuroinflammatory response [80] . Additionally, circulating neutrophils, monocytes, and lymphocytes leak through the damaged BBB within 1 day of injury, increasing neuroinflammation [81] .
The neuroinflammatory response following mTBI has been hypothesized to correlate with concussion symptomatology and symptom duration [82] . Interestingly, mild systemic inflammation seems to influence the mTBI recovery process. Subjects with initial post-injury elevations in high-sensitivity C-reactive protein (hsCRP), an inflammatory biomarker, were more likely to experience persistent post-concussive symptoms, cognitive impairment, and ongoing psychological issues 3 months after mTBI [83] . A recent review highlights the significant role inflammation plays in mTBI pathophysiology, proposing its central role in persistent concussive symptoms [77•] . While research is too limited to confirm the contribution of neuroinflammation in mTBI prognosis and recovery, the neuroinflammatory response clearly plays a vital role in mTBI pathophysiology. Importantly, it also serves as a potential target for future interventions.
Blood-Brain Barrier Dysfunction
The BBB is an intricate capillary system that maintains a stable extracellular environment by regulating the transit of blood products into the brain [84] . Despite the scarcity of molecular models to support post-mTBI changes in BBB permeability, accumulated data suggest that there is an increase in the number of endothelial caveolae and decreased expression of junctional adhesion proteins hours to days after TBI [85, 86] . Direct shear injury is followed by secondary metabolic perturbations including ischemia, hypoxia, and vasospasm, all of which may perpetuate BBB dysfunction [87] .
Animal studies have identified variable post-injury BBB recovery times. Some suggest dysfunction resolving within a few hours of TBI [87, 88] . Others support a biphasic course with early-phase BBB disruption (3 to 6 h post-injury) followed by delayed BBB dysfunction (1 to 3 days post-injury) [89, 90] . "Late" BBB dysregulation is seen following immunoglobulin G deposition around callosal blood vessels 3 months post-injury [91] . Johnson et al. evaluated BBB disruption in a swine model of mTBI and found marked acute (6 to 72 h) permeability of the BBB with an acute astroglial response [92] .
Neuroimaging evidence of BBB disruption is seen after mild and moderate TBI [93] with BBB integrity restored in days to weeks [94] . Using an impermeable radiotracer, a study using PET-CT found BBB permeability in 73% of subjects [95] . We also see BBB disruption in American football players as a result of exposure to "subconcussive" head impacts [96] . A range of inflammatory genetic markers have been reported in the subset of individuals after mTBI with evidence of meningeal enhancement on MRI [97] . There is sufficient evidence to support BBB dysfunction following TBI; however, the extent and time course of disruption following human mTBI remains poorly understood.
Cell Death
While cell death is commonly seen in moderate and severe TBI, animal models of mTBI have shown limited cell death [58, [98] [99] [100] . Neuronal apoptosis occurs in the cortex and anterior thalamus of immature rats after mTBI [101] with the appearance of cognitive deficits and tissue loss after a single cortical impact [102] as well as repeated impacts [34] . Human research is limited but has progressed in recent years with the advent of quantitative MRI to evaluate longitudinal changes in brain volume. One study showed greater diffuse volume loss after single mTBI compared to age-matched controls 1 year post-injury, with atrophy in the limbic system and precuneal cortex correlating with neuropsychiatric testing performance [103] . Lower hippocampal volume is seen after single remote TBI in middle-aged men compared to controls [104] , after repeat mTBI in boxers [105] and in college football players with history of concussion. [106] . A study comparing patients with recent mTBI to controls found significantly smaller volumes in the caudate, putamen, and thalamus 2 months after injury. One year post-injury, however, these initial brain volume differences had resolved suggesting a subsequent normalization of brain tissue [107] . Despite the lack of structural changes seen on standard neuroimaging, advances in neuroimaging techniques have helped to identify short and longterm region-specific morphologic changes.
Biomechanics and Impact Monitoring
Biomechanical Principles
While objective measures (e.g., balance testing, reaction time, visual tracking) are routinely used for concussion diagnosis and management, the scientific community is still in search of definitive diagnostic tools. Current research is seeking to identify the kinematic signature of concussion. However, existing technology only allows for kinematic correlates of brain biomechanics via spatial tracking of the skull [47] . Traditional force measurements include linear acceleration (LA) and rotational acceleration (RA) [108] ; the former measured as gravitational force units (g) and the latter in units of radians per second squared (rad/s 2 ) [47] .
Linear Acceleration
Earlier biomechanics research focused on the correlation between linear acceleration and mTBI, searching for theoretical injury "thresholds." The research found a strong correlation between the LA and intracranial pressure [109] . Parallel TBI research has shown that transient increases in intracranial pressure cause neurologic dysfunction, with the level of dysfunction correlating with the peak intracranial pressure achieved during injury [110] . Animal models of pressureinduced brain injury revealed that LA-induced pressure gradients are less significant than those created by equivalent RA [111] .
Rotational Acceleration
In the 1940s, Holbourn pioneered work on the tensile and shear strain caused by RA, exposing primates and rats to sudden rotation using inertial loading [47] . Given its physical properties, brain tissue deforms easily when exposed to shear forces [112] . A series of surrogate model studies reinforced the association between RA-induced shear deformation and mTBI [113, 114] . More recently, research using finite element models has supported the strong relationship between rotational acceleration and brain strain [115] .
Linear-Rotational Correlation
Studying isolated RA is extremely difficult in vivo. The head rotation experienced during injury inherently couples both linear and angular forces. Furthermore, studies have shown that mTBI is almost exclusively produced in primates when both forces were applied, requiring twice the level RA to induce mTBI when LA was absent [114] . In addition, headimpact kinematic research in football has proposed a correlation between LA and RAwith the development of a theoretical injury risk curve. Rowson et al. presented a cohort of cases where this correlation holds true [116] . Research demonstrates that linear and rotational forces play a significant role in mTBI [117] , and that ongoing biomechanical and equipment research is vital to further injury understanding and prevention.
Monitoring Impacts
Measuring Exposure
Despite the inherent challenges in evaluating mTBI in vivo, the use of sensors (Fig. 1) has helped understand the biomechanical aspects of mTBI and study head-impact forces in sport. Sport-related mTBI is quantified as the number concussions per "athlete exposure," with athlete exposures (AE) including games, practices, or events. While not accounting for Fig. 1 Examples of head-impact sensor technologies; a helmet sensor system, b mastoid process neck sensor, c skullcap-based sensor, d embedded mouth guard sensor total time of exposure, AEs offer a reasonable exposure estimate to allow for comparison mTBI risk amongst sports. mTBI rates are also often reported for athletes and teams as "per-season" rates [118] . Head-impact exposure data from high school and collegiate populations have led to changes in practice rules that limit contact activities. These rule changes have attributed to a 50% reduction in head impacts in one study of youth football [119] .
Helmet-Based Sensors
Helmeted devices for head-impact research have traditionally been used in football, with recent increasing use in boxing, snow sports, ice hockey, and soccer. The availability of helmet-based devices has grown in recent years. The Riddell Head Impact Telemetry System (HITS) sensor device and the six-degree-of-freedom (6DOF) system are the two most commonly used research systems [108] . Despite their increasing popularity, these systems remain costly and inaccurate due to poor coupling with the head. Helmet-detected acceleration can be up to ten times greater than true head acceleration [120] . A study using the 6DOF system and HITS devices both within Riddell helmets found that resultant RA was overestimated [116] .
Non-helmeted Sensors and Other Approaches
Mouth guard, base of skull, and ear canal sensors produce better coupling with the skull [121] . The most commonly used research systems are the X-Patch, an adhesive patch worn behind the ear affixed to the mastoid process, and the X-Guard, a device embedded in a custom mouth guard. Both use a triaxial accelerometer and gyroscope to measure head acceleration and impacts in non-helmeted sports [104] . Limitations of these systems include signal noise from skin motion and variable mouth guard fit. Specifically, the X-patch has shown up to a 290% error in the RA resultant peak value [121] and high false-positive rates yielding a low positive predictive value (16.3%) [122] .
Other non-helmeted sensor fixation systems include headbands, skullcaps, and armbands. While some devices capture acceleration magnitudes, most only record impact number and location. None of these devices are peer-reviewed and, thus, lack scientific validation [108] . An additional approach to mTBI surveillance includes quantitative and qualitative video analyses. This analysis monitors the number of head impacts, injury mechanism, and clinical signs of mTBI. The clinical and sideline utility of these devices and observational techniques require further investigation to support their validity.
Impacts and Biological Threshold for Concussion
Our current understanding of brain kinematics comes predominantly from helmeted collision sports. A body of high school and collegiate football research has identified an average peak linear acceleration of 100 g as a theoretical "threshold" for mTBI [123] . This threshold is supported by a recent systematic review showing a mean peak linear head acceleration of 98.68 g (95% CI 82.36-115.00) and mean peak rotational head acceleration of 5776.60 rads/s 2 (95% CI 4583.53-6969.67) associated with mTBI [124] . Conversely, the highly variable range of reported head impact forces inducing mTBI seems to refute a finite concussion threshold. One large football study found mTBI-inducing forces ranging between 29 and 205 g of LA, and 183 and 10,484 rad/s 2 of RA [125] . Scientists have proposed that high-level American football athletes may be a self-selected "impact tolerant" population. More concerning, however, is the theory that cultural differences in sports may result in variable reporting of mTBI rather than tolerance of higher impacts [47] . Nonetheless, methodological limitations, underreporting, and a previous history of concussions are all noteworthy confounders in many of these studies.
Current research has led to the concept of the "individual-specific threshold." This personalized threshold accounts for the many intrinsic factors proposed to play a role in ones' ability to tolerate head impact forces. This concept aligns with research showing the variable relationship between biomechanical forces and mTBI. Research has not found an association between headimpact magnitude or location and the presence of mTBI symptoms, SCAT3 scores [126••] , clinical outcomes, balance testing, or neuropsychological performance [127] . While research has documented a wide range of LA (54-94 g ) and RA (2640-4468 rad/s 2 ), 90% of mTBI cases occurred following one of the top five highest magnitude accelerations subjects had ever experienced [126••] . This work further supports the "individual-specific threshold" concept.
The existing literature provides evidence of individualized mTBI vulnerability. Predisposing intrinsic factors including age, genetics, epigenetics, cerebrospinal fluid levels, susceptibility of brain tissue to injury, and extrinsic factors such as muscular strength, helmet type, sport position, and impact anticipation may explain the variable response to head impacts [125, 126••, 127, 128] . Additionally, a history of subconcussive impacts or prior mTBI may affect an individual's threshold for future mTBI [125] . As technology and research advances, we can better address these ongoing questions and enhance the safety of our athletes and military personnel. While our current impact sensor systems have significant limitations, existing work shows promise in these systems. Future advances in wearable sensors could allow for enhanced mTBI detection and the identification of individual-specific mTBI thresholds.
Conclusion
Advances in animal model research, neuroimaging, and biomechanical impact kinematics have led to our increasing knowledge of mTBI pathophysiology. The post-impact neurobiochemical cascade that is well supported by basic science literature needs additional translational human research. We know that mechanically induced brain injury initiates ionic, metabolic, inflammatory, and neurovascular changes in the CNS, that may lead to acute and chronic neurologic sequelae. Despite the increasing association between acute pathophysiology with clinical signs and symptoms of mTBI, ongoing research continues to elucidate the relationship between time and region-specific neurologic changes. The individual-specific threshold for mTBI seems to better explain the variability in head-impact tolerance and subsequent clinical presentation. There is still limited but growing evidence to support a host of intrinsic and extrinsic co-factors contributing to one's mTBI threshold. Newer technology and future impact sensor research may provide important insights into the underlying mTBI pathophysiology, personalized mTBI impact thresholds, and further individualized assessment and treatment of mTBI. Human and Animal Rights and Informed Consent All reported studies/ experiments with human or animal subjects performed by the authors have been previously published and complied with all applicable ethical standards (including the Helsinki declaration and its amendments, institutional/national research committee standards, and international/national/institutional guidelines).
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